Abbreviations used: ALa' arterial lactate; F1D, free induction decay; NMR, nuclear magnetic resonance; PCr, phosphocreat ine; pHa, arterial blood pH; pHeto pH calculated from the chem ical shift difference between PME and PCr; pHi' intracellular pH; pH calculated from the pH p i chemical shift difference between Pi and PCr; PME, phosphomonoester; RF, radiofrequency; T]> spin lattice relaxation time; T2, spin-spin relaxation time.
ing deuterium eH) and phosphorus e l p) nuclear mag netic resonance (NMR) spectroscopy to make multiple simultaneous determinations of changes in cerebral blood flow, brain intracellular pH, and phosphorylated metab olites for individual animals. In vivo spectra were ob tained from the brains of newborn piglets immediately following an intracarotid bolus injection of deuterium oxide. Experiments were performed at magnetic field strengths of 1.9 T eH NMR only) or 4.7 T (interleaved 2H and 3 l p NMR). The rate of clearance of deuterium signal was used to calculate cerebral perfusion rates (CBF deuterium) during a stable control physiologic state and conditions known to alter blood flow. CBFdeuterium values measured at 1.9 T under conditions of control (nor mocarbia, normotension), hypercarbia, hypocarbia, and varying degrees of ischemia induced by hypotension showed a significant positive correlation with values mea sured simultaneously using radio labeled microspheres
In previous experiments, we determined CBF in piglets using radiolabeled microspheres in conjunc tion with in vivo 3Ip nuclear magnetic resonance (NMR) measurements at 1.9 T (Laptook et al., 1988a,b) . This posed some limitations. First, using micro spheres and our present equipment, only four CBF determinations per animal were possible; up to Simultaneous interleaved 2H and 31p NMR measure ments under control conditions indicate that brain energy metabolites and intracellular pH remained at constant levels during the time course of the administration and clearance of deuterium oxide. Also, brain phosphorylated metabolites and intracellular pH did not differ signifi cantly from their preinjection levels. Under control phys iologic conditions, CBF deu t erium varied by ±6% and phos phorylated metabolite levels did not show a significant change with time, as measured from 15 blood flow deter minations collected over 4 h. The results indicate that CBF deuterium determinations have excellent reproducibil ity and do not affect brain energy metabolite levels. The procedures described here have the potential to bring a novel methodology to bear on investigating the relation ship between cerebral perfusion and energy status during conditions such as ischemia or asphyxia. Key Words: 31p NMR-2H NMR-Piglets. six determinations have been performed in other laboratories. Second, any study whose aim is to quantitate the relationship between cerebral energy metabolism and perfusion would ideally perform these measurements simultaneously in the same an imal. Although it is possible to perform NMR and inject microspheres in the same animal, it is difficult to make both measurements over exactly the same period of time. Data collection for 3Ip NMR takes several minutes, while the distribution of micro spheres to cerebral tissue is complete within � 30 s. For the two results to be comparable, CBF must remain constant over the entire NMR data collec tion time. Third, it is difficult to be certain that tis sues dissected from the brain for microsphere counting correspond to exactly the same tissue measured by in vivo NMR using a radiofrequency surface coil. NMR measurements that could pro-vide information about both perfusion and brain en ergy metabolites for the same spatial volume and time period would improve our ability to study the relationship between cerebral energy metabolism and perfusion. We therefore considered it worth while to explore the potential use of 2 H NMR to measure CBF and combine this with simultaneous 31p NMR measurements.
The goals of the present study were (a) to deter mine the feasibility of quantifying the clearance of 2H 2 0 from piglet brain by measuring the 2 H NMR signal at magnetic field strengths of 1.9 or 4.7 T, (b) to assess the potential for intracarotid injection ar tifacts and the reproducibility of CBF, (c) to com pare CBF values measured using zH NMR to values measured simultaneously with radiolabeled micro spheres under conditions known to alter brain blood flow, and (d) to determine if changes in brain energy phosphorylated metabolites occur during the clear ance of 2 H z O, measured by simultaneous inter leaved 2H and 31p NMR data collection.
Portions of this work were presented at the 13th International Symposium on Cerebral Blood Flow and Metabolism, in Bologna, Italy (Corbett et aI., 1989) .
METHODS

Animal preparation
Piglets were studied from six different litters and ranged in postnatal age from 3 to 21 days. On the day of the study, the piglets were removed from the pen holding the sow and given preoperative anesthesia of ketamine (10 mg!kg, intramuscular) and local anesthesia at surgical sites with 1% xylocaine. The piglets were then tracheot omized, paralyzed (d-tubocurare CI), and ventilated with 70:30 N z O:O z . Two catheters were placed in the left com mon carotid artery directed caudad and cephalad, and the left external carotid artery was ligated. It has been estab lished previously that unilateral common carotid artery catheterization and ligation have no effect on blood flow to either side of piglet brain, over a wide range of cerebral perfusion rates (Laptook et al., 1983) . Preliminary exper iments revealed that external carotid artery ligation en hanced the z H NMR signal following intracarotid injec tions of z H z O. Attempts at bilateral carotid catheteriza tion resulted in slow cardiovascular deterioration possibly due to baroreceptor and chemoreceptor dener vation. Other catheters were placed in the abdominal aorta via a femoral artery, and the inferior vena cava via the femoral vein. Skin overlying the skull was retracted and sutured to the neck such that the radiofrequency (RF) surface coil rested directly on the skull. Piglets were wrapped in a blanket warmed with circulating water to maintain their rectal temperature at 38°C while in the magnet. Each animal was stabilized for 1 h in the magnet before commencing blood flow measurements. For animals studied at 4 .7 T, Nubane (nalbuphine HCI, Dupont Pharmaceuticals) was included in the above pro cedure to provide analgesia, in accordance with updated J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 recommendations made by our Institutional Animal Re view Board. An initial dose (0.1 mg/kg, s.c.) was given prior to surgery, and a second dose (0.1 mg/kg, i.v.) was given after the placement of catheters.
Experimental protocols
Assessement of injection artifacts and reproducibility of CBF deuterium measurements. A piglet was studied un der control conditions (normocapnia, normotension) on the 1.9 T system (see the section on NMR Measurements) to assess the potential of intracarotid bolus injections to produce artifacts in CBF. The animal received seven suc cessive injections of tracer at 15-20 min intervals, using the following protocols: Comparison of CBF values measured using 2H NMR and microspheres. In total, 42 simultaneous CBFdeuterium and CBF microsphere measurements were made in 11 pig lets. Deuterium oxide (99.8% isotopic purity; Merck Sharp & Dohme Isotopes, Montreal, Canada) was in jected as a 1 ml bolus into the left common carotid artery, followed by 1 ml of saline (0.9% NaCl) to flush the cath eter, the entire process being complete in 2-3 s. Cerebral blood flow measurements involved injecting 2 H 2 0 and microspheres in a sequential fashion such that individual blood flow measurements by the two techniques over lapped in time. Microsphere administration and reference sampling occurred over the first 2 min of the 5-min period of NMR data collection to monitor 2 H z O clearance. NMR data collection at 1.9 T was commenced about 12 s prior to the injection of 2 H z O in order to assess the 2 H NMR signal background levels. The 2 H 2 0 injection was fol lowed immediately by the infusion of a well-mixed 3.0-ml suspension of 8 x 105 15-fLm diameter microspheres in dextran and flushed with 1.5 ml of normal saline into the left ventricle over 25-30 s. The reference organ radiola beled microsphere technique of Heymann et al. (1977) was used as previously described for CBF measurements in piglets (Laptook et ai, 1988b) . Prior to infusing micro spheres, the withdrawal of an arterial blood reference sample was started (1.03 mUmin for 2 min) from the cath eter in the abdominal aorta. At the end of the study, pig lets were killed (150 mg/kg of Nembutal i. v.) and catheter placement verified. Both cerebral hemispheres were re moved, cut into sections, and their wet weight deter mined. Brain tissue and blood reference samples con tained at least 400 microspheres and were counted using a Packard three-channel auto-gamma spectrometer (model 5385).
A range of CBF values were studied in each animal, with three or four simultaneous deuterium (CBF deuterium) and microsphere (CBF microsphere) measurements being performed. Each piglet received two injections of z H z O during a control period of normocapnia and normoten sion. For the first injection, only z H 2 0 was administered (CBFdeuteriuml)' Twenty minutes later, a second injection of 2 H 2 0 (CBF deuterium 2 ) plus the administration of micro spheres was made. After the measurements during con trol, the CBF of two separate groups of five piglets was increased by inducing hypercarbia (change ventilation gases to 10:40:50 CO 2 :N 2 :0 2 ), or decreased via hypocar bia (increase in the ventilation rate). Next, the gas mix ture or ventilation rate was returned to control levels and the animals were allowed to stabilize for 20-30 min. Si multaneous CBF deuterium and CBF microsphere measure ments were performed on three piglets during their post hypercarbia recovery period. Next, all 10 piglets were subjected to hypotension via phlebotomy sufficient to produce partial cerebral ischemia. After 5-10 min of hy potension, the MABP was stabilized and one or two simultaneous CBF deuterium and CBF microsphere deter minations were made at 15-min intervals. An lith piglet received graded doses of phenobarbital from 50 to 100 mg/kg, with three simultaneous CBF deuterium and CBF microsphere determinations after barbiturate adminis tration.
Effect of deuterium oxide injections on brain energy metabolites. Five animals were studied under control conditions; first, interleaved 2H and 31p NMR measure ments at 4.7 T were carried out without a 2H z O intraca rotid injection. Then 30-40 min later, a second 2H and 31p NMR measurement was performed, with a 2H 2 0 intraca rotid injection. Mean arterial blood pressure and heart rate were monitored continuously, and blood pH and gases were measured immediately after the completion of NMR data collection.
Physiologic measurements
Mean arterial blood pressure and heart rate were mea sured continuously from the catheter in the abdominal aorta using a Gould transducer and Coulbourn polygraph. The catheter in the common carotid artery directed caudad was used for obtaining samples to monitor pHa, Pac0 2 , Pa0 2 , and hematocrit. For the animal studied re peatedly during control conditions on the 4.7 T NMR system, additional measurements of blood O 2 content, lactate, and glucose were made. Blood samples were drawn at the end of each NMR measurement period with pHa, P ac0 2 ' and P aOZ measured from a 200-1..1. .1 sample with a Corning 165 blood gas analyzer and arterial whole blood O z content measured on 150 fLl of blood using a Lex O z -Con analyzer. Plasma lactate concentration was de termined using the lactate dehydrogenase assay (Sigma Chemical Kit No. 826-UV) after deproteinization of 200 fLl of plasma with 8% perchloric acid. Plasma glucose was determined by the glucose oxidase/peroxidase assay (Sigma Chemical Kit No. 510) after deproteinization of 50 fLl of plasma.
Partition coefficient determination
To calculate CBF, it is necessary to know A, the brain tissue to blood partition coefficient for the tracer used. Proton-deuteron exchange is extremely rapid, and in jected 2 H 2 0 diffuses throughout the aqueous blood and brain tissue volume as 2HIHO. Thus, A is given by the ratio of the water weight of a unit mass of brain divided by the water weight of a unit volume of blood. At the end of NMR studies, seven animals were used to measure blood and postmortem brain water contents. Blood samples (10 ml) were obtained just prior to killing the animal (150 mg/kg, Nembutal i. v.), and cerebral cortex immediately below the location of the surface coil was obtained within 30 min after death. Three types of brain tissue samples were taken: mixed gray and white matter (8 g), gray mat ter (3 g), or white matter (1.5 g). Samples were placed in dry preweighed glass vials, weighed (±O.OOO I g), and kept at 100°C from 48 to 72 h, until a constant dry weight was obtained. The partition coefficient (A) was calculated us ing the following formula:
where 1.06 refers to the density of blood in units of g/ml.
NMR measurements
Deuterium NMR at 1.9 T. NMR data were collected on a Nicolet NT-80 system with a 30 cm diameter bore TMR 32/200 superconducting magnet (Oxford Instruments). Deuterium NMR spectra from brain were measured using a 3 cm diameter, five-turn surface coil tuned to 12.3 MHz and attached to a balanced-match circuit (Murphy Boesch and Koretsky, 1983) . The clearance of injected 2H z O was measured by acquiring 100 spectra over 5 min; each spectrum was the sum of eight transients measured using a 50-fLS excitation pulse, 256-ms acquisition time followed by 66-ms delay, sweep width of 1,000 Hz, and 512 data points per free induction decay (FID). Data col lection was commenced prior to the injection of tracer in order to assess the 2 H NMR signal background from a previous injection. A typical protocol would collect four background spectra, inject z H z O, and follow the clear ance of tracer from brain for the final 93 spectra. The average signal intensity for the four background spectra were subtracted from the intensity recorded from subse quent spectra measuring clearance. Data were processed by applying left shift removal of the first three points in the accumulated FID, exponential mUltiplication corre sponding to 10 Hz line broadening, Fourier transforma tion, and baseline straightening using an interpolation routine. For each series of spectra collected after the in troduction of tracer, the height and area of the 2 H NMR signal was measured and saved into a file using the re gression analysis program provided in the spectroscopic data analysis package, NMR I (release 3.8, New Methods Research Inc., Syracuse, NY, U.S.A.). Tests on selected data showed that clearance rates calculated from the de crease in 2 H NMR peak height or area were not signifi-cantly different from each other, and heights were used for all subsequent analysis.
To assess the consequence of using a rapid recycle time for data collection, five animals were used to determine the spin-lattice relaxation time (T1) of deuterium oxide in brain at 1.9 T. The T l was measured by the burst satura tion recovery method, validated for use with surface coils (Evelhoch and Ackerman, 1983) .
The relative signal contributions from different depths in the brain was assessed using a piglet skull phantom (the skull obtained from a 7-day-old pig) consisting of two layers of gel (Knox Gelatine Inc., Englewood Cliffs, NJ, U.S.A.) containing 7 ml of 1.2% z H 2 0 and 10 ml of 0.6% dimethyl sulfoxide--D6 (Wilmed Glass Co., Buena, NJ, U.S.A.).
Interleaved phosphorus and deuterium NMR at 4.7 T.
NMR data were collected on a General Electric CSI sys tem with a 40-cm diameter bore Oxford superconducting magnet operating at 4.7 T. The 31p and 2H NMR signals were measured using two rectangular concentric radio frequency coils (outer coil, 5 x 4 cm; inner coil, 4.5 x 3.5 cm) tuned to 81 and 31 MHz, respectively, via two sep arate balanced matched circuits. For both 31p and z H NMR, the pulse sequence involved using a single excita tion pulse followed by a signal acquisition period to mea sure the FID. For 31p, a 100-l-ls excitation pulse (apparent 90° pulse width), 256-ms acquisition time, 4,000-Hz sweep width, and 2,048 data points per FID were used. For 2H, a 170-l-ls pulse (apparent 90° pulse width), 64-ms acquisition time, 2,000-Hz sweep width, and 256 data points per FID were used. The CSI system software al lows predetermined changes between these parameters, plus switching of the transmitter frequency, and data stor age to be executed by the spectrometer in an automated fashion. This made it possible to acquire and save 31p and z H FID transients alternately into individual blocks of computer memory. A 100-300-ms delay was added after the acquisition of each FID such that the total time re quired to obtain 100 pairs of 31p and z H FIDs was 5 min; the exact delay time used in each experiment was a func tion of the amount of space available on the data storage disk attached to the NMR system, since storage space affected the run time of the program. The total delay time between pairs of 31p and 2H excitation pulses was ad justed to equal 3 s. At the end of the measurement, 31p
FIDs were summed and processed to give single or mul tiple spectra (see the Results section), while the 100 2H FIDs were processed individually and analyzed as de scribed above. 31p NMR data were processed by applying left shift removal of the first three data points in the ac cumulated FID, baseline correction, exponential mUltipli cation corresponding to a 20 Hz line broadening, Fourier transformation, and baseline straightening using an inter polation routine.
Calculation of CBF fr om 2H NMR data. The measure ment of CBFs is based on the quantification of the expo nential rate constant for tracer clearance and application of the central volume principle (Zierler, 1965; Lassen et aI., 1983) . The exponential rate constant of z H z O clear ance can be related to tissue blood flow using the theory for the compartmental analysis of tracer clearance kinet ics (Kety, 1951 ). An analysis of z H 2 0 clearance data re quires some modification from classical tracer clearance theory since z H 2 0 is a stable isotope that remains in the animal, and therefore gives rise to nonzero tracer recir culation. The theoretical analysis of this problem has been dealt with by Kim and Ackerman (1988) . In keeping 1991 with their nomenclature, the following equations were fit to the data to calculate monoexponential rate constants for tracer clearance:
where q(t), q(O), and q(oo) refer to the z H NMR signal intensity at time t, 0, and 00, respectively, k is the rate constant for tracer clearance, and the subscripts "a" and "b" are used to distinguish two different compartments.
The term k�a is an apparent rate constant with the desired rate constant for tracer clearance from compartment "a" given by (4) The (2) were used as the initial seed for qa (O) and k�a' and the initial seed qa(oo) value was zero. The F test (p < 0.05) was used to determine where Eq.
(3) gave a significantly better fit to the data than Eq. (2). Cerebral blood flow (mi l 00 g -1 min -1) was calculated by applying the central volume principle (Lassen et aI., 1983) :
where A, the partition coefficient, was determined for pig let brain as described above.
Brain phosphorylated metabolites and intracellular pH. The NMR I Peak Analysis program was used to quan tify the peak heights and resonance frequencies from the 31p NMR spectra. The results were saved in a Fortran readable file allowing easy compilation of multiple data sets and further calculations to be made. Changes in phosphorylated metabolite levels were calculated as the percent change in phosphomonester (PME), phosphocre atine (PCr), and �-ATP peak heights, relative to desig nated control spectra measured for individual animals. Brain intracellular pH (pHj) was calculated from chemical shift differences between Pi and PCr (pHpi) or the chem ical shift difference between PME and PCr (pHet) as de scribed previously (Corbett et aI., 1987) .
All results are expressed as mean ± SD, unless other wise noted.
RESULTS
Volume of tissue measured by NMR and determinations of T 1
For the excitation pulse length used in the piglet studies, it was determined that approximately 65% of the 2 H NMR signal comes from the first 7 ml of gel adjacent to the piglet skull phantom. Anatomic inspection of piglets suggests that this corresponds to a 5-mm thick region of the brain consisting pri marily of cerebral gray matter. All of the remaining signal came from the second 5-mm layer, which cor responded to a mixture of gray and white matter.
Spin-lattice relaxation time measurements at 1.9 T were performed on five piglets during control physiologic conditions at least 20 min after the in jection of 2-3 ml of 2 H 2 0; the mean Tl was equal to 313 ± 17 ms.
Blood-brain partition coefficient
Seven piglets with a mean age of 13 ± 4 days were used to determine the partition coefficient A. for the region of whole brain tissue immediately un derneath the surface coil. Mean wet:dry weight ra tios for whole brain and blood were 5.829 ± 0.096 and 6.50 1 ± 0.623, respectively, which gave a mean A = 0.85 ± 0.07 mllg (n = 7). An analysis of A. for separate gray and white matter were 0.87 ± 0.08 and 0.64 ± 0.07, respectively. It was difficult to obtain brain samples containing solely white or gray matter and therefore we judge the latter two values to be approximate. Nevertheless, it is noteworthy that the mean value of A. for whole brain obtained from beneath the NMR surface coil is nearly iden tical to the value of A. for gray matter. This is con sistent with the results from phantom studies and visual inspection of piglet brain, suggesting that the region of tissue measured with the surface coil was primarily gray matter.
Assessment of injection artifacts and reproducibility
of CBF deuterium measurements CBF deuterium was measured seven times during control physiologic conditions, using the tracer in jection protocols described in the Methods section ( Fig. 1, upper panel, closed symbols) . No single reading of the physiologic variables (MABP , heart rate, pHa' P aC0 2 > P a0 2 ' hematocrit) differed from the mean value for all seven readings by >2 SDs, with the exception of P a0 2 for injection protocol (g) (Pao 2 = 176 compared to a mean = 121 ± 25 mm Hg). Excluding the fifth and seventh measure ments, the mean CBFdeuterium was 42 ± 4.2 ml 100 g-l min -1, with no individual value exceeding this by >2 SDs. The CBF values were calculated from the best fit [Eq.
(3)] to the data with the exception of the fifth measurement [protocol (e): injection 2 H20 over 16 s], where Eq. (2) gave a better fit. For the first six measurements, attempts to use a biexpo nential model to describe clearance data did not re sult in a statistically significant improvement in the fit. However, for injection (g) (inject 2 H20 in the Closed circles show seven measurements collected for a pig let at a magnetic field strength of 1.9 T using the several injection protocols described in the Methods section. Open squares show 15 measurements collected for a piglet at a magnetic field strength of 4.7 T using injection protocol (b) (see the Method section). The height intensity of the I3-ATP and phosphocreatine 31 P nuclear magnetic resonance peaks are expressed as a percentage of the first measurement.
presence of hemolyzed blood), a significantly better fit (F test, p < 0.05) was obtained using a biexpo nential model. The clearance curve displayed a 3% volume fraction with a high CBF of 225 ml 100 g -1 min -1 and the remaining fraction at 33 ml 100 g -1 min -I, giving a volume averaged CBF of 38 ml 100 g-l min-I.
To test whether the continuous buildup in back ground 2 H NMR signal would eventually adversely effect our ability to follow tracer clearance, another piglet was studied on the 4.7 T system during con trol in which the same protocol, irtiection of 2 H 2 0 in saline followed by saline flush, was repeated 15 times ( Fig. 1, upper panel, open symbols) . Figure 2 (left-hand side) shows the results for a typical 2 H 2 0 washout curve. For all injections, the clearance curves were easily detectable and there was excel lent reproducibility of the CBF values for this ani mal over the 4-h study period. CBFdeuterium did not change with time as judged from the slope calcu lated from linear regression analysis of CBF vs. time (slope = -1. 1 ± 0.5 ml l 00 g-I min-I h-I; r = -0.5). The mean CBF deuterium values for all 15 determinations was 39 ± 2.4 ml 100 g-I min-I. Mean arterial blood pressure, pHa' P aco 2 , arterial lactate (ALa)' and hematocrit showed a significant linear correlation with time (r � 0.5), although the relative change in these variables was small (range, + 2 to -5%/h). The sole exception was A La ( + 68%/h); however, the absolute change in A La over 4 h was only 1.4 mM (range of 0.6--2.0 mM). We do not consider these mild changes to be indic ative of detrimental effects from multiple 2 H 2 0 in jections and they would be unlikely to have a sig nificant effect on CBF or energy metabolism.
Comparison of CBF values measured using 2 H NMR and microspheres
Typical 2 H 2 0 clearance curves obtained for one piglet are illustrated in Fig. 3 ; compared to control (3' to the data by regression analysis, giv ing CL' F values of 104, 120, 75, and 36 ml 1 00 g-1 min-1 , respectively. ( Fig 3A) , the clearance of tracer was more rapid during hypercarbia (Fig. 3B ), returned to a lower rate once normocarbia was restored (Fig. 3C) , and was slower when partial ischemia was induced via hypotension ( Fig. 3D ). With the exception of two animals with very slow clearance curves measured during hypotension (CBF � 11), the two compart ment in-series model [Eq.
(2)] gave a better fit to the data than the single compartment model [Eq.
(1)], as judged from the F test for the significance of extra parameters (p < 0.05). No substantial inter-or intra-animal variations in the ratio Vb/V a were ob served (range of 0.96--0.86), except for the clear ance curves measured during hypotension (range of
0.64-0.12). We believe that the latter values reflect the measurement of a relatively small fraction of the total tracer clearance during partial ischemia using the 4-5 min NMR data collection period, rather than a physical change in the volume ratio of tracer distribution to the brain and body. In order for this not to effect the calculation of k via Eqs. (3) and (4), values Vb/Va measured for an animal at control were used in the calculation of kba for clearance data collected during partial ischemia. Kim and Ackerman (1988) derived Eqs. (3) and (4) for the purposes of correcting for nonzero tracer recirculation. Since the term Vb/Va is close to unity, we expect that the explicit measurement of the con centration 2 H20 in the recirculated arterial blood would have a minor effect on the calculated rate constant. To test the ability of these equations to account for recirculation, we compared CBF values derived from Eqs. (3) and (4) (CBFba) to CBF de rived from calculating the initial slope of a log qa(t) vs. time plot for the 60 s of clearance (CBF60), when recirculation to the brain was assumed to be negli gible. The mean CBFba and CBF60 values for the animals under the different physiological conditions examined were not significantly different from each other (p < 0.05). Linear regression analysis of indi vidual pairs ofCBFba and CBF60 values over the full range of flows studied gave a slope equal to 0.89 ± 0.04 (r = 0.98). The close agreement and high linear correlation between these two values support the notion that the two compartment in-series model adequately corrects for the effects of recirculation on the calculation of tracer clearance rates.
Cerebral blood flow measurements by 2 H NMR (CBFdeuterium) and radioactive microspheres (CBFmicro spheres) were compared for 11 piglets. Forty-two simultaneous determinations of CBFdeuterium and CBFmicrosphere s during control, hy percarbia, hypocarbia, phenobarbital administra tion, and hypotension were made (Fig. 4) . Each pig let was given two injections of 2 H20 during a con trol period of normocapnia and nomotension: first, a 2 H20 injection alone (CBFdeuteriuml)' and 20 min later, a second injection plus administration of mi crospheres (CBF deuterium2)' Mean values (n = II) of physiologic variables during the measurement of CBFdeuteriuml were MABP = 102 ± 12 mm Hg, pHa = 7.337 ± 0.049, Paco2 = 37 ± 4 mm Hg. Pao2 = 114 ± 28 mm Hg, heart rate = 276 ± 19 beats/min, and hematocrit = 33 ± 4%. These values did not differ significantly during the measurement of CBFdeuterium2' During the measurement of CBFdeuterium2' MABP recorded immediately before and after the injection of 2 H20 and microspheres were unaltered. CBF deuterium 1 and CBF deuterium2 Correlation between CBF measured by deuterium clearance and radioactive microspheres simultaneously in 11 piglets. CBF deuterium was calculated from the monoexponen tial clearance rate calculated for 2 H 2 0 washout. A total of 42 simultaneous deuterium nuclear magnetic resonance and microsphere CBF determinations were made during normo carbia-normotension (control), hypercarbia, hypocarbia, hypotension, and phenobarbital anesthesia. The solid line represents the best fit to the data by linear regression anal ysis, with the exclusion of the five determinations giving CBFmicros P here > 300 ml 100 g-1 min-1. The results are as follows: slope = 0.4 ± 0. 05, intercept = 8 ± 5, regression coefficient = 0.8; significant at p < 0.05.
were the same (67 ± 15 and 65 ± 21 ml 100 g-I min -I, respectively), and a plot of CBF deuterium 1 vs. CBFdeuterium2 gave a slope of 1.1 ± 0.3. This indi cates that CBF deuterium measurements are reproduc ible and not affected by simultaneous CBF determi nations by microspheres. CBF for two separate groups of five piglets was then altered by inducing hypercarbia (mean P aco2 = 70 ± 6 mm Hg) or hy pocarbia (PaC02 = 19 ± 1 mm Hg). Mean values were 164 ± 21 % and 68 ± 9% of control CBF deuterium2 levels, respectively. After a recovery period, both groups were subjected to hypotension (mean MABP = 30 ± 10 mm Hg), resulting in re duction in CBFdeuterium to 28 ± 13% of control. In comparison, changes in CBFmicrospheres relative to control during hypercarbia, hypocarbia, and hy potension were 357 ± 103%, 79 ± 13%, and 48 ± 25%, respectively. CBF deuterium and CBF microspheres values were in poorest agreement at the highest per fusion rate, corresponding to hypercarbia. If the five measurements made during hypercarbia are ex cluded, linear regression analysis on the remaining data of CBFdeuterium vs. CBFmicrosphere s gave slope =0.4 ± 0.05, intercept =8 ± 5, correlation coeffi cient = 0.80 (solid line, Fig. 4 ). Virtually the same slope is obtained (0.36) if CBF60 values are used for CBF deuterium' R. J. T. CORBETT ET AL.
Brain phosphorylated metabolites and pHj during 2 H 2 0 injections Simultaneous with CBF d euterium determinations, 3 1 p NMR data were collected (Fig. 1, lower panels) using the interleaved NMR data acquisition proto col described in the Methods section. The slopes and linear regression coefficients of 31p NMR peak intensity (peak intensities for the first spectrum were arbitrarily set to 100%) vs. time were calcu lated for Pi (slope = 10 ± 6%/h; r = 0.40), PCr (slope 2 ± 2%/h; r = 0.27) and 13 peak of ATP (slope = 7 ± 2%/h; r = 0.63), and the PME peak (slope = 3 ± 3%/h; r = 0.27). The mean intracel lular pH calculated from 15 measurements was 7.01 ± 0.06 and 6.94 ± 0.06 (pH p i and pHet, respec tively). Both measures of pHi showed negligible changes with time (pH p i, slope = -0.02 ± 0.01 pH units/h; pHet, slope = 0.008 ± 0.015 pH units/h).
For five piglets, 31p NMR measurements were obtained prior to and during the 2 H20 injection and total 5-min clearance period to determine if changes in brain phosphorylated metabolites or pHi occur. The mean pH p i values before (7.06 ± 0.08) and dur ing (6.98 ± 0.05) the injection and clearance were not significantly different. Taking preinjection 31 P NMR peak intensities as 100%, the mean peak in tensities during the injection and clearance were 114 ± 22%, 96 ± 11%, and 110 ± 13% for Pi' PCr, and I3-ATP, respectively. There were no significant dif ferences between the mean values for the physio logic variables taken for the five animals before and immediately after the 2 H20 injection. These piglets were also used to determine whether transient changes in brain phosphorylated metabolites or pHi occur within the 5-min intracarotid injection and the clearance period. This was done by averaging 31p NMR data collected at four 1.25-min intervals dur ing tracer clearance (Fig. 2) . Overall, these results indicate that no substantia! variations in brain en ergy phosphorylated metabolites and pH p i during the clearance of 2 H 2 0 were present.
DISCUSSION
Feasibility of quantifying the clearance of 2 H 2 0 from brain by NMR Provided that the external carotid artery was li gated, I-ml intracarotid injections of 2 H 2 0 resulted in an increase in the 2 H NMR signal-to-noise ratio by about 20--25 compared to the natural abundance signal. This signal enhancement plus the use of a rapid recycle time for data accumulation allowed quantitation of tracer clearance with a 3-s time res-J Cereb Blood Flow Metab, Vol. 11, No.1, 1991 olution. Since the T 1 of 2 H20 decreases with de creasing field strength (Fung, 1977) , 2 H NMR per formed at 1.9 T using a rapid recycle time for data collection will not suffer the same degree of signal loss due to partial saturation, compared to the same experiment at a higher field strength. This will par tially compensate for lower NMR signal sensitivity associated with using a lower field strength magnet. The T 1 determined for piglet brain (317 ms) suggests that partial saturation of the 2 H resonance signal was in effect with the 322-ms recycle time used in the measurements done at 1.9 T. Because the T 1 of 2 H20 is not affected by the fraction of isotope sub stitution in brain (Fung, 1977) , we do not expect changes in T 1 as the concentration of 2 H 2 0 in the brain decreases during clearance. Due to the im proved sensitivity at 4.7 T and our desire to perform interleaved 2 H/31 P data collection, a 3-s recycle time was used; this should be long enough for com plete spin-lattice relaxation between excitation pUlses. For NMR spectra collected under conditions that cause partial saturation, calculation of CBFdeu terium could be compromised if the proportion of the 2 H NMR signal from brain and extracerebral sources changed during the clearance of 2 H 2 0, and T 1 or the spin-spin relaxation time (T 2 ) for these sources dif fered. We discounted this possibility on the basis of studies that showed that the half-life of labeled H2150 not extracted into the cerebrum following an intracarotid injection was 1 s (Eichling et aI., 1974) . With a temporal resolution of 3 s used in the present study, it is unlikely that this fraction of tracer would be recorded during the NMR measurement. Quan tification of the relative concentration of brain 2 H 2 0 could also be effected by changes in the T 2 of 2 H 2 0, since the peak linewidth, and hence peak height, would be expected to change if this were the case. However, since clearance rates measured using the 2 H NMR peak height and area were the same, we conclude that there were no alterations in the ap parent T 2 spin-spin relaxation time during clear ance.
Reproducibility and potential for injection artifacts
Numerous studies have used bolus intracarotid injections of 85Kr or \33Xe dissolved in saline solu tion or H 2 150 labeled blood, immediately followed by 2-7 ml of saline flush in adult animals and hu mans (Haggendal et aL, 1965; Ter-Pogossian et aL, 1971; Gelmers, 1978; Marcus et aL, 1981) or human neonates (Lou et aL, 1979) . From these studies, in jections of 1.0--3.0 ml of tracer in saline over a pe riod of 1-3 s (as done here) were generally con sid-ered to represent a reasonable compromise between instantaneous presentation of tracer as a bolus to the tissue of interest, without the production of ar terial vasodilation, resulting from hemolysis and lib eration of vasoactive substances. One may postu late that injection-induced increases in CBF would register as a very rapid component in the clearance curve; however, no such component was observed for the data collected in this study (Figs. 2 and 3) . The same clearance rates were observed for the an imal given injections of zH z O followed by saline flush or zH z O as saline added to red blood cells. The only exception was the injection made at a slow rate over 16 s [injection (e); Fig. 1 ]. We do not consider this to be evidence for pressure-induced artifacts in CBF since it is likely that the tracer was no longer presented as an "instantaneous" bolus to the brain, and this in turn will effect tracer clearance kinetics (Gelmers, 1978) . For the intracarotid injection using a hemolyzed blood-zH z O mixture, there was evi dence of a small rapidly clearing component (3% volume fraction). However, even for this injection, the volume-averaged total CBF was not substan tially different from CBF measured from injecting zH 2 0 alone or in nonhemolyzed blood. Overall, these results lead us to conclude that putative ef fects of hemolysis, transient anoxia through the in jection of 2 H z O and saline flush solutions, or injec tion-induced alterations in vacular pressure were not substantial enough to influence CBF deter mined from 2 H 2 0 clearance. The two animals studied during control condi tions at either 1.9 T or 4.7 T showed excellent re producibility in the measurement of CBF as illus trated in Fig. 1 . The accumulation of zH NMR sig nal background from previous injections did not pose a problem in the accurate quantification of the zH 2 0 clearance rate, for at least 15 injections at 4.7 To r 7 injections at 1.9 T. However, with each suc cessive injection, the relative change in the 2 H NMR signal becomes smaller, and at some point this would affect quantitation. A related problem could arise if multiple measurements of CBF during severe ischemia were attempted. Under these con ditions, the 2 H 2 0 tracer from one injection will not have cleared within 10-15 min, and a second injec tion of 2 H 2 0 would give rise to a complex clearance curve, showing the clearance of label from both in jections. A potential means to circumvent this prob lem would be to use a alternative tracer, such as deuterated butanol (Kim and Ackerman, 1989) , which has a different 2 H NMR frequency than zH 2 0, and therefore could be quantitated without interference from the 2 H 2 0 signal.
Comparison of CBF determined by deuterium NMR and microspheres
CBF deuterium showed a significant positive linear correlation with CBFmicrosphere (r = 0.8). However, CBF deuterium values were about 60% lower than CBFmicrosphere values at all flow rates, with larger discrepancies at the highest perfusion rates studied during hypercarbia. There are several factors that may contribute to the disagreement between the ab solute value from these two measurements: (a) problems with NMR methodology, (b) injection ar tifacts, (c) extracerebral signal contamination, (d) incorrect partition coefficient, (e) differences in the spatial and temporal sampling characteristics of the NMR and microscope methods, and (0 tracer recir culation or redistribution to multiple brain compart ments. The first two have already been discussed and are not considered to be prominent factors. The potential for extracerebral signals was eliminated by retracting scalp tissue between the brain and RF coil. The cortical brain water partition coefficient X. determined for piglet brain is the same as standard literature values (Herscovitch and Raichle, 1985) . Even if we accepted the calculated X. value of 1.1 ml/g for neonatal brain, hypothesized by Herscov itch and Raichle, this would only result in a 30% increase in absolute CBF deuterium values and the slope shown in Fig. 4 (i.e., slope = 0.52). Although the NMR and microsphere CBF determinations overlap in time and measure approximately the same volume of tissue, some differences exist. The injected micro spheres are probably entrapped in the brain within 30 s whereas the clearance of 2 H 2 0 was measured over 5 min. Thus, if CBF was not stable within this time period, artifactual differences be tween the two measurements could arise. This does not seem likely in view of the observation that plots of CBF deuterium determined from the first 60 s of the 2 H z O clearance (i.e., CBF60) vs. CBFmicrospheres gave the same slope as CBF deuterium calculated us ing the full 5-min clearance curve. Concerning the volume of tissue sampled by 2 H NMR and micro spheres, the sensitivity of the NMR RF coil varies with the distance of the tissue from the coil, whereas the radioactive microsphere counting will homogeneously reflect the mean CBF for the entire tissue sample. The use of spatial localization tech niques for 2 H NMR data collection should better define the region of tissue measured and may im prove the absolute agreement between CBF deuteriu m and CBFmicrospheres, provided that similar 2 H NMR signal-to-noise ratios and temporal resolution are attainable. Even though we tried to satisfy the theo retical requirements of presenting the tracer to the brain as an instantaneous bolus (Zierler, 1965) , we cannot eliminate the possibility of tracer recircula tion or redistribution into and within the brain. In view of the similarity between CBF deuterium calcu lated using only the first 60 s or the full 5-min wash out curve, and given the volume dilution expected for injecting 1 ml of tracer into a I-kg animal, it is unlikely that sufficient amounts of tracer reenter the brain from the systemic circulation to have a major effect on the clearance rate determination. How ever, vascular bifurcations in the internal common carotid artery distal to the external carotid artery could result in presentation of the tracer "bolus" over a longer than expected length of time. Rapid washout of tracer from fast flow compartments and redistribution into other compartments would have the same effect. It is possible that the presentation of a smaller volume bolus of tracer and increased temporal/spatial resolution would reduce the impor tance of this factor and improve the agreement be tween CBF deuterium and CBF microspheres ' However, in practice, it is difficult to achieve all three goals simultaneously and we are forced to make some compromises given the present state of NMR tech nology available to us.
The disagreement between CBFdeuterium and CBF mi c rospheres is worrisome and merits further in vestigation. However, we do not believe that this renders the 2 H NMR methodology to measure CBF as presented here to be worthless. It is important to note that direct comparisons between CBF mea sured by other tracer clearance techniques and microspheres have also found poor agreement in absolute CBF values. Gray matter CBF measured by intracarotid injections of 133Xe (first compon ent of clearance) and microspheres in dog and ba boon brain yielded slopes of 0.45 and 0.65, respec tively (Figs. 4 and 7 in Marcus et aI., 1981) . A com parison of cortical tissue CBF measured by H 2 gas clearance and micro spheres in cats resulted in a slope of 2.5 (Fig. 1 in Heiss and Traupe, 1981) . From CBF measured in cat brain by Freon gas clearance and micro spheres ( Table 2 in Barranco et aI., 1989) , we calculate a slope of 0.56 (for data where CBF microspheres < 200 ml 100 g -I min -I). Regardless of the explanation for the general poor agreement between absolute CBF values deter mined by clearance and microsphere methods, the experimental results presented here and in the cited literature clearly show a significant linear correla tion between CBF measured by tracer clearance and microsphere techniques. For the present study, our results lead us to conclude that the 2 H NMR method to measure CBF could be used for the quan tification of relative changes in CBF deuterium Up J Cereb Blood Flow Metab, Vol. 11, No. 1, 1991 to a value of 90 ml 100 g -I min -I, equivalent to CBFmi c rosphere = 200 ml 100 g-I min-I.
Effect of 2 H 2 0 on brain energy metabolites and pHi Thompson (1963) has reviewed studies on the ef fects of 2 H 2 0 on enzyme-catalyzed reactions in vivo and in vitro. In general, prominent isotope ef fects are not observed until 2 H 2 0 reaches 20%, Given that natural abundance levels of 2 H 2 0 are 0.015%, and we observe a 25-fold increase in 2 H NMR signal-to-noise ratios following intracarotid injections, the maximum levels of 2 H 2 0 in the brain would be �0.4%. Furthermore, even for animals receiving multiple 2 H 2 0 injections (e.g., 15 x 1 ml), total body isotope levels in a I-kg animal would not exceed 2%. Thus, the potential for kinetic isotope or toxicological effects associated with multiple intracarotid injections of 2 H 2 0 are remote, The con stancy in brain 31p NMR data (Fig. I) Phosphorylated metabolite levels and intracellular pH (pHpi) during the first 5 min of 2 H 2 0 clearance. Peak height intensities for the first 31p nuclear magnetic resonance spec trum for five individual animals (Le., first 1.25 min of the clearance measurement) was set to 100%. Dashed error bars represent the SO in peak heights expected from the signal to-noise ratios measured for Pi' per, and �-ATP peaks in the first spectrum collected during 2 H 2 0 clearance. Solid error bars represent the SO measured from averaging the relative change in peak heights (with respect to the first spectrum) from all five animals. The SO for Pi is high, reflecting the low signal:noise ratio for this peak (see Fig. 2 ). This also in creases the SO in the calculated values for pHpi' ing 15 2 H 2 0 injections confirms this. Another po tential concern associated with intracarotid injec tions is that since the 2 H 2 0 bolus did not contain oxygen, transient anoxia may be introduced into the brain. Since brain PCr, Pi' and pHi are sensitive to decreases in P a0 2 within a 5-min time scale (Younkin et aI. , 1987) , the possibility exists that intracarotid 2 H 2 0 injections could induce changes in 31 P NMR data collected simultaneous with the injection. To test for this, we performed rapid 31p NMR measurements during the injection and clear ance of 2 H 2 0 (Fig. 2 , right-hand side , and Fig. 5 ). To our knowledge , this is the first attempt to char acterize transient changes in brain energy phospho rylated metabolites and pHi during the intracarotid injection of a CBF tracer into brain. There was no difference between brain pHi and relative signal in tensities of PME , Pi' PCr, and ATP, as measured by 31p NMR before and during the injection of 2 H 2 0. Overall, these results show that physiologic vari ables and cerebral intracellular pH and phosphory lated energy metabolites are not transiently or chronically (i.e. , up to 4 h) affected by the intraca rotid administration of 2 H 2 0. We believe that the simultaneous measurement of CBF and energy me tabolites by 2 H and 31p NMR will provide new in sights into the relationship between cerebral perfu sion and energy status during conditions such as ischemia or asphyxia.
